Abstract-The abrupt switching behavior of mechanical switches makes it imperative to ensure that they turn OFF more rapidly than they turn ON. In a complementary logic circuit, slower turn-OFF than turn-ON could lead to the formation of a direct current path between the power supply and the ground, which would result in undesirable dynamic power dissipation during signal transitions. In this brief, the contact detachment delay (τ CD ) of microrelays is systematically characterized and investigated. τ CD is shown to be correlated with contact adhesive force and the mechanical properties of the contact materials; τ CD can also be reduced by ultrathin-oxide coating and contact area scaling.
I. INTRODUCTION
A DVANCEMENTS in CMOS technology over the past few decades have led to tremendous improvements in integrated-circuit operating speed and cost per function as well as increased chip functionality, stemming from increased transistor density. But the semiconductor industry is now struggling with a chip power density crisis due to the nonscalability of the thermal voltage (k B T /q), which sets the minimum subthreshold swing of a MOSFET and hence limits reductions in transistor threshold voltage. In contrast to electronic switches, mechanical switches operate by making/breaking physical contact and therefore offer the ideal characteristics of zero OFF-state leakage current and abrupt transition between ON/OFF states, which provide for zero static power dissipation and (in principle) very low switching voltage, respectively. Therefore, microrelay technology has attracted interest for digital integrated-circuit application in recent years [1] . It has been projected that a scaled relay technology can provide for more than 10× improvement in energy efficiency compared with CMOS technology at the same node [2] .
Ideally, the operating speed of a relay-based integrated circuit is limited by the mechanical switching time rather than the electrical delay (charging/discharging time) [2] . Previous studies of mechanical switching time have focused on turn-ON delay, specifically pull-in dynamics [3] and methods for reducing the pull-in voltage (V PI ) and pull-in delay (τ PI ) [4] . Since very large contact resistance (R ON > 10 k ) can significantly reduce computational throughput, R ON stability has also been investigated extensively for various contact materials and relay operating conditions [5] , [6] .
In contrast, the turn-OFF delay of microrelays was reported but has not yet been studied in detail [7] . This is because it is generally assumed that a relay turns OFF more quickly than it turns ON, since a relatively small separation (∼1 nm) between the contacting electrodes is sufficient to prevent current flow, i.e., the mechanical displacement required to turn OFF a relay is smaller than that required to turn ON a relay. However, the time required to break physical contact (before the contacting electrodes can move apart) can be significant due to surface adhesion [8] . If the contact detachment delay (τ CD ) is greater than the pull-in delay τ PI , then a direct current path (short circuit) between the power supply and ground can be temporarily formed in a conventional complementary logic circuit comprising at least one pull-up device connected between the output node and power supply and at least one pull-down device connected between the output node and ground; the resultant crowbar current gives rise to undesirable dynamic power dissipation [9] . In this brief, the impact of contacting electrode material, microrelay operating conditions, and device structural dimensions on τ CD is systematically characterized. The impact of dimensional scaling is also investigated to provide insight for device miniaturization. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
applications [10] . When a sufficiently large voltage is applied between the movable body electrode and the underlying gate electrode (i.e., |V GB | ≥ |V PI |), the body is actuated downward sufficiently to bring the channel (a metallic strip attached to the underside of the body via an intermediary insulating layer) into contact with the source and drain electrodes (which are coplanar with the gate electrode) so that current can flow (|I DS | > 0), and hence, the relay is ON. When |V GB | is lowered back down to below the release voltage (|V RL |), the spring-restoring force of the folded-flexure suspension beams overcomes the attractive (electrostatic and adhesive) forces to actuate the body upward, bringing the channel out of contact with the source/drain electrodes so that no current can flow; hence, the relay is OFF. A four-mask process was used to fabricate the microrelays as follows. First, an insulating layer of 80-nm-thick aluminum oxide (Al 2 O 3 ) was deposited by atomic-layer-deposition (ALD) onto the silicon wafer substrate. Then, a 70-nm-thick metal electrode layer was sputtered onto the insulated substrate. Three different contacting electrode (i.e., source/drain and channel) materials were investigated in this brief: tungsten (W), ruthenium (Ru), and nickel (Ni). W and Ru were patterned by dry etching [11] , whereas Ni was patterned using a liftoff process, using the first mask. Afterward, a first sacrificial layer of low-temperature oxide (LTO) layer was deposited by low-pressure chemical vapor deposition (LPCVD) at 400°C. The source and drain contact regions (1 μm 2 in area each, unless otherwise noted) were then defined by removing the LTO in these regions using a masked CF 4 -based reactive ion etch (RIE). Subsequently, a second sacrificial layer of LTO was deposited. Its thickness (80 nm) defines the nominal contact gap thickness, whereas the total thickness of the two LTO layers (160 nm) defines the nominal actuation gap thickness. The channel (of the same material as the source and drain electrodes) was then formed by sputter deposition and patterning. (Note that the channel is dimpled in the contact regions.) After deposition of a 55-nm-thick Al 2 O 3 insulating layer, a structural layer of in situ boron-doped polycrystalline silicon-germanium (poly-Si 0.35 Ge 0.65 ) was deposited by LPCVD and patterned by HBr/Cl 2 -based RIE. Finally, the sacrificial LTO layers were selectively removed in hydrogen fluoride (HF) vapor to release the structure. Some relays with W electrodes were coated after release with an ultrathin layer of TiO 2 by ALD.
III. TEST SETUP
The fabricated microrelays are transferred to a Lakeshore TTPX vacuum probe station for characterizations soon after HF vapor release, to minimize contact surface contamination. In this sealed vacuum chamber (accompanied with a Varian V-81 turbo pump and a dry scroll pump), the temperature, pressure, and relative humidity are kept at 300 K, ∼5 μtorr, and ∼0%, respectively. In general, the devices exhibit relatively high R ON (∼10 k ) for the first switching cycle and hence are subjected to a high-voltage (V DS ∼ 6 V along with current compliance) burn-in process [12] using the HP4155B semiconductor parameter analyzer to reduce R ON to below 0.9 k , depending on the contact material. The contact detachment delay measurements are performed after the burn-in procedure. Without the process, the residual contamination layer such as hydrocarbons [13] and some metal oxides [14] (which have lower surface energy compared with the metal counterparts) could alter the adhesion force and subsequently τ CD [13] . It should be noted that minute amounts of oxygen and contaminants (such as hydrocarbons) can cause thin insulating films to form at the contacting asperities over time, especially during the course of many hot-switching cycles.
Relay switching delays are monitored using a resistive-load inverter setup, as depicted in Fig. 2 ; the relay serves as the pull-down device and a resistor serves as the pull-up device. The cyclic evolution of ON-state resistance (R ON ) [14] , as well as τ PI and τ CD , is monitored, as shown in Fig. 3 . When the relay is ON, a direct current path exists between the power supply (V DD ) and ground, and the output voltage is given by the voltage divider formula shown in Fig. 3(a) . τ PI is defined as the difference between the time that |V GB | increases above 0.5|V DRIVE | and the time that the output voltage begins to fall toward ground, as shown in Fig. 3(b) . τ CD is defined as the difference between the time that |V GB | falls below 0.5|V DRIVE | and the time that the output voltage begins to rise toward V DD , as depicted in Fig. 3(c) . This is essentially the time it takes for the channel/dimples to be fully detached from the bottom source/drain electrodes after the relay driving voltage is removed.
The body (structure) is biased at −8 V to lower the gate voltage required to switch the relay, to <3 V. The hysteresis voltage V H sets the lower limit for relay V PI and restricts the maximum body bias that can be applied; this allows V DRIVE to be scaled down to 3 V (further increase in |V B | will cause the device to stick down when V RL drops below 0 V). The maximum value of V DD used in this brief is 7 V, because contact welding becomes an issue for V DD > 7 V.
Herein, τ PI and τ CD are characterized for microrelays with Ni, Ru, W, and TiO 2 -coated W contacting electrodes. The mechanical properties of these materials are summarized in Table I .
IV. RESULTS AND DISCUSSION
The source/drain electrode surface roughness was measured by atomic force microscopy to be approximately 0.7 nm (rms) for each of the different metals. On the other hand, the channel (top electrode) surface should be much smoother, due to conformal deposition of the relatively thick sacrificial LTO layers. A contact model between two nominally flat surfaces (with one smooth and the other rough) was developed in [15] , which links the load to the summit level distribution of multiple asperities. However, actual asperity height distribution is not easily obtained and modeled, and it could vary from device to device. For simplicity, the contacting asperities are assumed to be of the same height and equally loaded, as in [16] .
Furthermore, due to the nature of small loading, contacts in microsystems are typically made only between a few contacting asperities, and the number of contact points N is in the low single-digit range which can be close to zero [16] . For the purpose of providing insight into the dependences of the contact adhesive force and τ CD on the contacting electrode material, N is approximated to be 1 and the contact geometry is approximated as a single hemispherical asperity compressed against a flat surface, reducing the case to sphere on flat.
Based on the analytical adhesion model summarized in [17] , the adherence force (or the pull-off force) that is required to separate the contacting surfaces (sphere on flat) is described by
where γ (≡ γ 1 + γ 2 − γ 12 ) is the Dupré energy of adhesion, R is the spherical radius of the contacting asperity, and the coefficient α varies from 3/2 to 2 depending on the model of elastic contact. It is assumed that the contact is elastic but the contact interface is maintained in a state of initial plastic deformation; such deformation determines the contact area and the adhesion force. After removal of the external load and during contact detachment, the deformed spherical surface recovers, with an effective radius of curvature R f (considering the originally flat surface now exhibits a spherically deformed morphology), which can be derived by approximating the pressure distribution to a Hertzian contact as in [17] and [18] 
where a f denotes the radius of contact during unloading and E * is the biaxial Young's modulus given by E/(1 − ν 2 ) in which E is the Young's modulus and ν is the Poisson ratio.
The mean pressure p m equals to the hardness H of the material when the entire contact undergoes plastic deformation. Consider the contact junction itself to have a circular shape with radius a f , and the effective radius is related to contact force by
Combining (2) and (3), (1) reduces to
as given in [17] and [18] . The switching delays of the fabricated microrelays are compared herein for the same operating voltage conditions and hence the same F load . Since the adhesion energy γ is the sum of the surface energies γ 1 and γ 2 minus the interfacial energy γ 12 (which equals to 0 when the two contacting surfaces are composed of identical material), the term reduces to 2γ 1 (= 2γ 2 ). As a result, any difference in adherence force is due to differences in the contact material mechanical properties
Therefore, the ratio of surface energy times the effective Young's modulus to hardness should be positively correlated to adhesion, i.e., higher γ E * /H 3/2 should correspond to higher F adh . The relative values of adhesion force listed in Table I for the contact materials studied in this brief are normalized to the value for W, using (5). For TiO 2 -coated W electrode, the Young's modulus and the hardness are assumed to be the same as for W, since the volume of the ultrathin ALD coating is very small relative to that of the W electrode; it mainly alters the surface energy. The surface energies of the contact metals after the burn-in process are assumed to be the same as those reported in [20] and listed in Table I . It should be noted that the hardness of a thin-film material usually is higher than that of a bulk material due to grain-boundary strengthening; this is known as the Hall-Petch effect. In [22] - [24] , the microhardness of sputtered thin films (comparable in thickness to the electrode layer in this brief) was determined directly by nanoindentation tests. The values in Table I are extracted from [22] - [24] at an indentation depth of 70 nm. Table I ).
From Fig. 4(a) , it can be seen that τ CD increases with the amplitude of the driving voltage. An increase in gate actuation voltage enhances the contact force due to quadratic growth in electrostatic attraction. As the external load rises, a f (which can be interpreted as an equivalent contact radius as if only one spot were in contact) widens according to (3) . In any case, the real contact area increases with increasing contact force, leading to larger adhesive force and hence longer τ CD . The rate of change in F adh to F load is also proportional to the factor γ E * /H 3/2 , which can be shown by differentiating (4) with respect to F load . Thus, contact electrodes exhibiting higher initial values of τ CD would respond to the change in F load more rapidly, as seen in the Ni electrodes. Fig. 4(b) shows that τ CD increases with the supply voltage V DD . A possible explanation for this trend is an increase in real contact area with increasing V DD due to increased power dissipation (joule heating). The steady-state temperature T m at a contact spot, given a contact voltage V C across the junction, can be estimated using the Kohlrausch-relation as in [25] where T 0 is the temperature far away from the contact spot (assumed to be 20°C), λ is the thermal conductivity [21] , and ρ is the electrical resistivity (calculated by multiplying the measured sheet resistance by the film thickness) of the material. Note that to estimate the de-embedded V C (across a single contact) one must take into account the trace resistance R trace (comprising ∼28 squares) from the source/drain signal paths. The true contact resistance R C for each single contact is given by (R ON − R trace )/2 and V C can be calculated as
Calculations predict that the temperature exceeds 80°C for high V DD but is still well below the softening temperature (see Table II ), for each of the contact materials. However, it has been experimentally shown that the melting temperature of small particles can be lower than that of bulk material [26] . Therefore, softening might occur locally at some smaller contacting asperities, leading to increased contact area and τ CD .
Another possible explanation for the increase of τ CD with increasing V DD is the removal or electrical breakdown of insulating material (native oxide, or surface contaminants) to temporarily reestablish interfacial metal-to-metal bonds at the contacting asperities [12] . Since metal-to-metal bonds having higher binding energies, the adhesion force rises consequently. We believe this is more likely to be the dominant factor to cause τ CD to increase.
In addition to the contact material properties and relay operating conditions, relay design parameters also affect τ CD . The stored elastic energy in the flexure beams and the spring restoring force (which pulls the relay out of contact, to turn it OFF) is proportional to the effective spring constant (k eff ) of the folded-flexure suspension beams. A shorter flexure beam length introduces larger spring restoring force so that the electrodes can be separated more quickly upon removal of the hold-down force, with a tradeoff of increased V PI and hence increased τ PI for the same operating voltage conditions (Fig. 5) . Furthermore, smaller contact dimple area is also beneficial for reducing contact adhesive force [8] . By reducing the contact dimple width from 1 to 0.4 μm, τ CD is reduced from 0.7 to 0.57 μs, as presented in Fig. 6 . It is observed that τ CD does not scale linearly with the apparent contact area; a result reminiscent of the findings on nonlinear reduction in surface adhesive force in [27] .
V. CONCLUSION
The contact detachment delay (τ CD ) of a microrelay can vary significantly with the contact electrode material, as well as relay design parameters and operating conditions. Low γ E * /H 3/2 ratio is a favorable electrode property for reducing contact adhesive force, which also can be reduced by thin dielectric coating and scaling down the area of the contacting regions. Structural design optimization involves a tradeoff between improving turn-ON delay (τ PI ) and degrading turn-OFF delay; fortunately, a large design window exists for ensuring that (τ PI > τ CD ) to avoid crowbar current in a relaybased complementary logic circuit. Selection of the operating voltage (V DD ) involves the same tradeoff.
